Background: The frequent canine filariosis are caused by zoonotic filarial nematodes 28 called Dirofilaria immitis, D. repens and Acanthocheilonema reconditum (Spirurida: 29 Onchocercidae). The absence of reliable diagnostic tools to diagnose and discriminate 30 between these infections as well as their different forms constitutes a major obstacle to 31 their control. The serological diagnosis of heartworm disease has recently shown both 32 sensitivity and specificity problems.
TaqMan simplex-qPCR targeting filarial nematodes 185 The choice of the large subunit rRNA gene (LSU), also called 28S gene, was based on 186 several criteria such as: the tandem repetition of about 150 times in filarial nematode 187 genome, which improves the PCR detectability [33] , availability in GenBank for all 188 families of nematodes and sharing a highly conserved region within Onchocercidae 189 members. Primers qFil-28S-F, qFil-28S-R and a TaqMan® hydrolysis probe (qFil-28S-P) 190 were designed to amplify most of filarial species (Table 1) . 191 192 TaqMan triplex-qPCR targeting D. immitis, D. repens and A. reconditum 193 The gene encoding for the cytochrome C oxidase subunit 1 (COI gene) was selected for 194 the development of triplex TaqMan qPCR system targeting D. immitis, D. repens and A. 195 reconditum (Table 1) . This choice was based on the availability of COI for the three 196 species in GenBank. The presence of this gene in several copies by the cells improves the 197 sensitivity of the test. Indeed, COI has been described as a "barcode gene" for filarial (Table 1) .
208
TaqMan duplex-qPCR targeting heartworm and French heartworm 209 Duplex COI-based qPCR was designed (Table 1) , namely Hw.COI.723-F and 210 Hw.COI.950-R, were designed to amplify partial COI gene (227bp) of both filarial and 211 non-filarial nematodes, including D. immitis and A. vasorum. The primers were chosen to 212 be flanking the previously designed probe for D. immitis. In addition, we designed a new 213 one specific for A. vasorum. The TaqMan probes were labelled with FAM and VIC 214 respectively, with a non-fluorescent quencher TAMRA. (Table 1) .
Run protocols 235 Simplex, duplex and triplex qPCR reactions were carried out in a final volume of 20 µl, 236 containing 5 µl of DNA template, 10 µl of Master Mix Roche (Eurogentec). The 237 concentration of each primer per reaction was 0.5 µl for simplex qPCR and 0.75 µl for 238 both duplex and triplex, 0.5 µl of both UDG and each probe. Finally, the volume was 239 completed to 20 µl using ultra-purified water DNAse-RNAse free. The TaqMan cycling 240 conditions included two hold steps at 50°C for 2 min followed by 15 min at 95°C, and 39 241 cycles of two steps each (95°C for 30 s and 60°C for 30 s). These reactions were 242 performed in a thermal cycler CFX96 Touch detection system (Bio-Rad, Marnes-la-
243
Coquette, France) after activating the readers of the dyes used in each qPCR systems.
244
After running protocol, the accumulation of the relative fluorescence units (RFUs) was 245 recorded during the extension step of qPCRs and used to set-up the cut-off value of each 246 TaqMan system, according to the formula described [38] . Here, we fixed the tolerance 247 value at 5% for all systems. The qPCR reaction was considered positive only if it showed 248 a RFUs value higher than Cut Off. All these models were performed using the CFX 
Primers sets design, PCR and sequencing protocols 252
In order to complete the molecular identification of filaria and Wolbachia species, we 253 designed two sets of degenerated primers ( In order to assess specificity of customized designed qPCR systems, we used our DNA Diagnostic approach standardization on biological samples 313 In addition to the heartworm antigen detection, we used the following approaches to 314 explore and identify filarial infections from the biological samples described above. 315 First, all samples were screened for both filaria and its Wolbachia DNA using the pan-316 filarial and pan-Wolbachiae qPCRs, respectively. Then, a partial COI and ftsZ genes were 317 amplified and sequenced according to the previous protocol from all positive samples for 318 filarioids and Wolbachia respectively. Secondly, the fast typing method based on the 319 direct identification of filaria and their wolbachia using the approach combining the 320 triplex COI and duplex Wol-Diro ftsZ qPCR based-systems. Finally, all samples were 321 screened for heartworms using the Duplex HWs COI qPCR-based system in order to 322 differentiate between D. immitis and A. vasorum DNA. In order to evaluate the 323 performance of molecular and serological assays in the absence of gold standard test 324 (necropsy), we developed the following approach to determine the true positive samples.
325
The sample is considered truly positive for heartworm if the sample is positive for: 1) at 326 least one of the molecular markers of heartworm (D. immitis DNA or that of its 327 Wolbachia) and 2) antigen-test positive after immune complex dissociation by heating 328 sera. This approach eliminates false-positive serological results that may be obtained by 329 increasing the detection threshold (sensitivity) after heat-treatment of the sera before use, 330 which is subsequently confirmed by the molecular markers specific to D. immitis. Once 16 the target species without failures. Additionally, in silico assessment of sensitivity was 358 confirmed by the equality of melting temperature inside each set of primers. This 359 temperature is less than that of probes. Indeed, the absence of primer-dimmer formation 360 and hairpin structures was also confirmed. Furthermore, the specificity was confirmed 361 again by an in vitro validation as shown in Table S1 , where the positive reaction was 362 obtained only from the target DNA and no negative control was amplified. Despite using 363 single or pooled DNAs, the specific fluorescence signals generated through the multiplex 364 qPCR systems were successfully related to the target DNA (Table S3 , Fig.S1 ).
366
Assays performance characteristics 367 The assay characteristics were assessed for the pan-filarial, the triplex and the duplex (Table S6 ).The detection limit was up to 5 ×10 -2 and5 ×10 -1 381 mfs/ml, respectively (i.e., corresponding to 2.5 x 10 −(3 and 2, respectively) mfs/5μl), qPCR 382 efficiencies were 104.8 and 100.5%, Slopes were -3.212 and -3.3, respectively, with an R² 383 higher than 0.995 for both (Table S6 , Fig. S4 ).
385
Molecular diagnostic approaches 386 Results of molecular screening followed by the sequence taping approach are detailed in Wolbachia genotype known to be associated with this filarioid, which corresponds to a 428 significant correlation (r=0.509, p<0.0001). In addition, there is a significant correlation Heartworm antigen detection and infectious status 440 Of the 168 dog sera tested for heartworm antigen, 16.67% (28) were positive before 441 pretreatment of the sera and were grouped into three groups ( Fig. 3B ): (i) 9 (5.36%) were markers free that were considered positive for unknowing antigens (Fig. 3B and Table S9 ). (Table S9 ). This combined multiplex approach allowed 100% and 469 99.3% of sensitivity and specificity respectively, with an almost perfect agreement of 0.98 470 (Table S10 ). While the heartworm antigen detection performed prior heat pre-treatment of 471 sera showed 65.5 and 93.3% of sensitivity and specificity respectively, thus corresponding 472 to a moderate agreement (0.6). In addition, the heat pre-treatment of sera allowed the Wolbachia into host tissues [39] . We believe that the presence of a determined genotype 596 of Wolbachia is a reliable marker for the presence of its filarial host.
598
Heartworm antigen detection and performance characteristics assays 599 In the present study, all diagnosis approaches did not react with samples from the 600 negative control group. We assessed the diagnosis value of ELISA (DiroCHEK®) in Herein, we established a multiplexed molecular approach with the potential to detect and 640 identify filariae and their Wolbachia DNA from blood samples. We encourage 641 researchers to follow the molecular diagnostic procedure summarized in Figure 3 , where 642 the molecular markers of filarial parasites are explored by the pan-filarial and pan-643 Wolbachia qPCRs, followed by the most common rapid typing method for canine 644 filariasis represented by A. reconditum, D. immitis and D. repens with the specific 645 Wolbachia of these latter two filarioids in order to complete the molecular diagnosis. 646 Finally, the classical approach based on sequencing analysis of DNA, is still being 647 considered to identify the etiological agent in the endemic zone for other filarial parasites.
648
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